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Abstract In this paper, we study the OZI-allowed two-
body strong decays of 3− heavy–light mesons. Experi-
mentally the charmed D∗3(2760) and the charm–strange
D∗s3(2860) states with these quantum numbers have been dis-
covered. For the bottomed B(5970) state, which was found
by the CDF Collaboration recently, its quantum number has
not been decided yet and we assume it is a 3− meson in
this paper. The theoretical prediction for the strong decays
of bottom–strange state B∗s3 is also given. The relativistic
wave functions of 3− heavy mesons are constructed and their
numerical values are obtained by solving the correspond-
ing Bethe–Salpeter equation with instantaneous approxima-
tion. The transition matrix is calculated by using the PCAC
and low energy theorem, following which the decay widths
are obtained. For D∗3(2760) and D∗s3(2860), the total strong
decay widths are 72.6 and 47.6 MeV, respectively. For B∗3
with M = 5978 MeV and B∗s3 with M = 6178 MeV, their
strong decay widths are 22.9 and 40.8 MeV, respectively.
1 Introduction
In the last few years, many new hadron states have been dis-
covered experimentally, injecting new vitality to the study of
hadron physics. Among these new states, some are thought
to be tetraquark, pentaquark [1], or molecule states, while
some are believed to have the usual quark–antiquark struc-
ture [2]. The observation of the second case improves the
meson spectra predicted by the quark potential models and
may bring about more insights into the nonperturbative prop-






spin-3 heavy–light mesons in this paper, as more data about
such states are collected recently. In 2006, the Babar Collab-
oration found the D∗s J (2860) state [3], which was confirmed
by LHCb [4]. This particle attracted much attention [5–18].
Theoretically it is thought to be a charm–strange meson with
spin–parity quantum number J P = 3− or 1− (S–D mixing).
Both predict the correct partial decay widths within the exper-
imental error. This uncertainty was eliminated in 2014 by the
LHCb Collaboration [19,20], which found that two particles,
namely, D∗s3(2860) with spin-3 and D∗s1(2860) with spin-1,
are around this mass region.
For the charmed meson, D∗(2760) was discovered by
the BaBar Collaboration [21] and D∗J (2760) was found by
LHCb [22]. Both particles have similar masses and decay
widths, so they are thought to be the same state. Just as
D∗s J (2860), they are also thought to be 3− or 1− state.
Recently, LHCb [23] found the first spin-3 charmed meson
D∗3(2760), whose decay width (for the isobar formalism, see
Table 3) is about 30 MeV larger than that of D∗J (2760) [22].
Whether a 1− partner with a similar mass to D∗3(2760) exists
(as the charm–strange case) is an interesting question. In the
bottomed (bottom–strange) meson sector, the 3− state has not
been found. However, very recently the CDF Collaboration
reported the existence of B(5970) [24], which has been inves-
tigated by assuming it has the quantum number 1− [25,26]
or 3− [26]. The decay width still has a large experimental
error (see Table 1), so more precise detection is needed.
Usually, if the strong decay channels of a meson are OZI-
allowed, they will be dominant, and the sum of their par-
tial widths can be used to estimate the total width of the
meson. Beside that, those decays are also applied to deter-
mine the quantum number of particles. To study these decays,
several theoretical methods could be applied, such as the
chiral quark method [9,27–30], the heavy meson effective
theory [5,14,26,31], the QCD sum rules [15,16], and the
3 P0 method [10,12,18,25,32–40]. The chiral quark model
introduces an effective Lagrangian to describe the coupling
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Table 1 The experimental
results of the mass (MeV) and
decay width (MeV) for the
candidates of the heavy–light
states with quantum number 3−
State Mass (MeV) Width (MeV) References
D∗s J (2860) 2856 ± 1.5 ± 5.0 47 ± 7 ± 10 BaBar [3]
2866.1 ± 1.0 ± 6.3 69.9 ± 3.2 ± 6.6 LHCb [4]
2862 ± 2+5−2 48 ± 3 ± 6 BaBar [57]
D∗s3(2860) 2860.5 ± 2.6 ± 2.5 ± 6.0 53 ± 7 ± 4 ± 6 LHCb [19,20]
D∗(2760) 2763.3 ± 2.3 ± 2.3 60.9 ± 5.1 ± 3.6 BaBar [21]
D∗J (2760) 2761.1 ± 5.1 ± 6.5 74.4 ± 3.4 ± 37.0 LHCb [22]
D∗3 (2760) 2798 ± 7 ± 1 ± 7 105 ± 18 ± 6 ± 23 LHCb [23]
B(5970) 5978 ± 5 ± 12 70+30−20 ± 30 CDF [24]
between light quark fields and light meson, while for the
heavy meson effective theory, the interaction lagrangian is
constructed just by meson fields. The 3 P0 model is very
popular in dealing with OZI-allowed strong decays. In this
method, a qq¯ with J PC = 0++ is assumed to be created
from the vacuum. For the heavy mesons, the simple harmonic
oscillator (SHO) wave functions are usually adopted.
In our recent work [41], the weak production of 3− heavy–
light states from the D(Ds) or B(Bs, Bc) mesons have been
studied. When these particles are produced, they will decay
very quickly to the lighter final states which are used experi-
mentally to reconstruct their mother particle. Here, by using
the same formalism, we investigate the OZI-allowed two-
body strong decays of these 3− mesons, This may be helpful
to gain more information of these high-spin states, especially
for the undiscovered b-flavored ones.
As Fig. 1 shows, the OZI-allowed two-body strong decays
can be realized by introducing a scalar type interaction ver-
tex. It can also be realized without that interaction vertex, that
is, the light quark and antiquark are connected by a propaga-
tor, which is used in Ref. [42] and our previous work [43]. In
the current situation, there is a light meson in the final states,
whose wave function cannot be described by the instanta-
neous approximation. To deal with this difficulty, we take a
different method, which is realized by using the reduction
formula, PCAC and the low energy theorem. This method
has been applied to deal with the strong decays of S-wave
heavy–light mesons [44,45], which get the results close to the
experimental data. However, this method can only be applied
to the case when the light meson being a pseudoscalar one.
For the case when the light meson is vector, PCAC can-
not be used. For those channels, we will adopt an effective
lagrangian to describe the quark–meson coupling.
Since the relativistic effects should be considered, espe-
cially for the state with high orbital angular momentum,
using more appropriate wave functions to calculate the strong
decays of these high-spin mesons is necessary. In this paper,
the instantaneous Bethe–Salpeter equation [46,47], namely,
the full Salpeter equation is used to get the mass spectrum












Fig. 1 Feynman diagram of the OZI-allowed two-body strong decay
channel
The transition matrix can be written within Mandelstam for-
malism [48].
The paper is organized as follows. In Sect. 2, we present
the theoretical formalism of the calculation. The wave func-
tion of the 3− state is constructed. For the channels with
a light pseudoscalar meson, the quark–meson coupling is
introduced by two methods, while for the light vector case,
an effective Lagrangian from other literature is adopted. In
Sect. 3, we give the results of strong decays of four heavy–
light mesons and compare them with those of other models.
Finally, we draw the conclusion in Sect. 4.
2 Theoretical formalism
As the wave functions of heavy mesons will be used in the
following to calculate the transition amplitude, it must be
constructed as a starting point. In our previous work [41,49,





























where M and P are the mass and momentum of the meson,
respectively; q is the relative momentum between the quark
123
Eur. Phys. J. C (2017) 77 :38 Page 3 of 8 38
and antiquark; q⊥ is defined as q − P·qM P; fi s are functions
of q⊥ which will be obtained by solving the full Salpeter
equation; μνγ is the polarization tensor of the meson, which
is totally symmetric and satisfies
gμνμνγ = 0, Pμμνγ = 0. (2)




















where we have defined Pμν ≡ −gμν + PμPνM2 .
By using the reduction formula, the transition amplitude
can be written as the production of the inverse propagator
and the expectation value of the light meson field [52]. We
take the process D∗s J → D(∗)K as an example, which has
the form
〈D(∗)(P1)K (P2)|D∗+s J (P)〉 =
∫
d4xei P2·x (M2K − P22 )
×〈D(∗)(P1)|K (x)|D∗+s J (P)〉.
(4)
By using PCAC, the light meson field is expressed as the
divergence of the axial-vector current divided by the decay
constant of the light meson,
K (x) = 1
M2K fK
∂μ(q¯γμγ5s). (5)
Combining Eqs. (4) and (5), we get











K − P22 )
M2K fK
∫
d4xei P2·x 〈D(∗)(P1)|q¯γμγ5s|D∗+s J (P)〉,
(6)
where in the second equation partial integral is used. Finally,
by using the low-energy theorem [52], we can get the form












Fig. 2 Feynman diagram of the OZI-allowed two-body strong decay
channel of the heavy–light meson with the interaction vertex being
changed the form
〈D(∗)(P1)K (P2)|D∗+s J (P)〉 ≈ (2π)4δ4(P−P1−P2)
−i Pμ2
fK
×〈D(∗)(P1)|q¯γμγ5s|D∗+s J (P)〉. (7)




























is the chiral field of pseudoscalar mesons. The quark–meson
coupling constant g is taken to be unity. fh is the decay
constant.
In the Mandelstam formalism, the transition amplitude
can be written as the overlapping integral over the Salpeter
wave functions of the initial and final mesons [52],
































where m′1 and m′2 are, respectively, the masses of quark and
antiquark in the final D(∗) meson; ϕ is defined as γ 0ϕγ 0;
ϕ++ is the positive energy part of the wave function. In the
above equation, we have neglected the contributions of neg-
ative energy part of the wave function, which is very small
compared with that of the positive one (less than 1%).
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where the mixing angle θ = 19◦ is used. The masses of the
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By considering φη8 = (uu¯+dd¯−2ss¯)/
√
6 and φη0 = (uu¯+
dd¯ + ss¯)/√3, the transition amplitude of D∗s J (2860)+ →









×〈D(∗)s (P1)|s¯γμγ5s|D∗+s J (P)〉, (13)
where fη0 and fη8 are the decay constants of η0 and η8,
respectively.
The method above can only be applied to the processes
when the light meson is a pseudoscalar. In the case when a
light vector boson is involved, we use the effective lagrangian
method which is adopted in Ref. [29]. The quark–meson cou-












Vμq j , (14)
where Vμ is the field of the light vector meson with momen-
tum P2; a = −3.0 and b = 2.0 represent the vector and
tensor coupling strengths, respectively. In Ref. [29], this
lagrangian is reduced to the nonrelativistic form and the har-
monic oscillator wave functions are used. In our calculation,
we use Eq. (14) directly, and the full Salpeter wave functions
are applied which could provide some comparison with the
results in Ref. [29].
After finishing the trace and integral in Eq. (10), we get










σ Pξ1 P1β P1γ t2, (16)
MD∗s3(2860)→DK ∗ = αβγ δ2αδσξ Pσ P
ξ
1 P1β P1γ t3, (17)
MD∗3 (2760)→D∗2 (2460)π =
−i
fπ
αμσδ Pσ P1δ P
β
1 αβγ 1μν






1 P1β P1γ (P1α Pμt6
+ gαμM2t7), (19)
MB∗3 →B∗ρ = αβγ P1α(P1β1 · P2γ s1 + P1β2 · P1γ s2
+ P1β P1γ 1 · P2 · Ps3/M2
+ P1β P1γ 1 · 2s4 + M21β2γ s5). (20)
In the above equations, αμσδ is the totally antisymmetric
tensor; , 1, and 2 are the polarization vectors (tensor) of
the initial meson, the final heavy meson, and the final light
meson, respectively. The form factors t1 ∼ t7 and s1 ∼ s5 are
integrals of q⊥. For different channels, the integrations have
different expressions. Thus the form factors have different
values. Here we just take some channels of Ds3, D3, and B∗3
as examples. Other decay channels would have the same form
of form factors as one of the above equations. For instance
MD∗3 (2760)→D1′ (2420)π would have the same expression as
Eq. (19).
The two-body decay width is










√[M2 − (M1 − M2)2][M2 − (M1 + M2)2]/
2M is the momentum of the final meson; J = 3 is the spin
quantum number of the initial meson; λ represents the polar-
ization of both initial and final mesons.
3 Results and discussions
The wave functions of mesons with different quantum num-
bers (J PC ) have different forms. So for each type of mesons,
we have to construct the wave function first (such as Eq.
(1)), and then deduce the full Salpeter equation fulfilled by
this function [50,53]. To solve this equation numerically, we
should determine the values of parameters in the interaction
potential, which in this work is phenomenologically written
as the Coulomb-like term (comes from one-gluon exchange)
plus a linear term. This form of the potential is used in most of
the quark potential models, where one more free parameter
V0 is introduced to shift the whole spectrum, which makes
the predicted spectrum consistent with the experimental val-
ues. Its value is fixed by fitting the mass of the ground state
(that is, we treat this mass as an input parameter), which in
this case is D∗s3(2860). Then the whole spectrum is fixed. In
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Fig. 3 Two-body strong decay widths change with the mass of 3− bottom and bottom–strange mesons. Only the dominant channels are considered.
a is for B∗3 and b is for B∗s3
Table 2 Two-body strong
decay widths (MeV) of
D∗s3(2860). 3 P0 model is
adopted in Refs. [34–38] and the
chiral quark model is adopted by
Ref. [29]
Mode Ours Ref. [35] Ref. [36] Ref. [34] Ref. [37] Ref. [29] Ref. [38]
DK 31.1 35.6 22 28.5 20 24.1 25–0
D∗K 14.6 26.8 13 12.2 12 9.7 14–24
Dsη 1.12 1.6 1.2 1.9 1.0 1.7 ∼0.1
D∗s η 0.221 0.6 0.3 0.4 0.3 0.3 ∼0.1
DK ∗ 0.561 2.7 0.71 0.2 0.4 0.2 0.9–2.5
total 47.6 67 37 43.2 34 36 42–60
our previous work [54], we showed that, at least for the first
few excited states, the prediction of the mass is consistent
with the experimental data.
The parameters used in the calculation are as follows:
mu = 0.305 GeV, md = 0.311 GeV, ms = 0.5 GeV,
mc = 1.62 GeV, and mb = 4.96 GeV. For the masses of
D∗s3 and D∗3 , we will use the experimental data as the input
value. For B∗3 , we will study two cases: M = 5978 MeV (to
compare with experimental result) and M = 6015 MeV (to
compare with the results of other models). As to B∗s3 meson,
we will use 6178 MeV to compare with Refs. [25,32]. When
the transition amplitude is calculated, the following param-
eters are adopted: fπ= 130.4 MeV, fK = 156.2 MeV [55],
fη8 = 1.26 fπ , fη0 = 1.07 fπ , Mη8 = 604.7 MeV, and
Mη0 = 923.0 MeV [52].
The decay widths for D∗s3 calculated by different models
are listed in Table 2. The dominant channels are DK and
D∗K , which in our calculation have partial widths 31.1 MeV
and 14.6 MeV, respectively. Here we use D(∗)K to represent
D(∗)+K 0 + D(∗)0K+. Our results are close to those of other
models, except that D∗K in Ref. [35] is about two times of
ours. References [34–38] use the 3 P0 model but with different
parameter values, which causes diverse results. The chiral
quark model is applied in Ref. [29]. In this work, for heavy
mesons, the SHO wave function is adopted. One can see that
their results are smaller than ours. For the DK ∗ channel, we
use the same effective lagrangian form as that in Ref. [29],
whose result is about twice smaller than ours. The total decay
width for our model is close to the central value of the LHCb’s
result [19,20], which is also at the same order with those of
other models.
For D∗3 , the results of different models are presented in
Table 3. In our calculation, the partial widths of two domi-
nant channels Dπ and D∗π are, respectively, 33.1 MeV and
22.0 MeV, which are consistent with those of other mod-
els, especially the chiral quark model [30]. For the chan-
nels with light vector meson Dρ and Dω, our results are
about 4 times of those in Ref. [30], but compatible with
those of the 3 P0 model [33]. Reference [56] also uses the 3 P0
model, but one gets very large widths for these two channels,
which makes the total width larger. In Table 3, the decay
width of D∗J (2760) [22] is very close to our result, while
for D∗3(2760) [23], as we pointed out before, its width is 30
MeV larger. Both results have large errors, which need more
experimental observations.
In Table 4, the decay width for B∗3 is given. To compare
with the results of other models, we consider two cases with
different mass of B∗3 . For M = 5978 MeV, the total decay
width (22.9 MeV) is about 3 times smaller than the central
value of the experimental data (70+30−20 ± 30 MeV) which has
large errors. So we expect more data as regards this particle
will be accumulated and more precise decay widths will be
123
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Table 3 Two-body strong
decay widths (MeV) of
D∗3 (2760). The 3 P0 model is
adopted in Refs. [33,34,40,56]
and the chiral quark model is
adopted by Ref. [30]
Mode Ours Ref. [34] Ref. [56] Ref. [33] Ref. [30] Ref. [40]
Dπ 33.1 27.9 25.75 31.66 32.5 14.06
D∗π 22.0 15.5 15.67 30.71 20.6 11.09
Dη 0.812 1.4 0.99 1.77 2.6 0.77
D∗η 0.254 0.2 0.24 0.76 0.7 0.26
Ds K 2.30 1.6 0.70 0.82 2.1 0.22
D∗s K 0.416 0.2 0.09 0.21 0.3 0.04
Dρ 1.59 0.2 40.16 2.15 0.4 0.66
Dω 0.423 0.1 12.62 0.65 0.1 0.20
D′1(2430)π 6.99 1.1 0.065 2.13 5.2 0.37
D1(2420)π 1.02 0.4 0.024 0.05 1.7 0.03
D∗2 (2460)π 3.70 1.1 0.17 2.28 1.7 0.62
D(2550)π 0.03 0.0 5.6 × 10−4
total 72.6 49.7 96.49 73.17 67.9 28.32
Table 4 Two-body strong
decay widths (MeV) of the B∗3
state with the mass 6.11 GeV.
The second subrow of the first
row is the mass (MeV) of the B∗3
meson used in different models.
The value a[b] represents
a × 10−b. References
[25,32,39] use the 3 P0 model.
References [26,27] use the
heavy meson effective theory
and chiral quark model,
respectively
Mode Ours Ref. [25] Ref. [26] Ref. [32] Ref. [39] Ref. [27]
6105 5978 6105 5978 6106 5978 5950–6050 (5978)
Bπ 24.7 11.7 4.9 37.7 14.4 20.19
B∗π 24.7 10.3 6.2 31.8 14.2 21.34
B∗2 π 6.19 0.546 0.74 — 0.460 0.31
B1π 9.40[2] 2.85[3] 9.0[2] — 0.117 0.15
B ′1π 4.96 0.185 0.17 — 0.0615 0.14
Bη 0.43 0.06 0.21 0.2 0.441 0.31
B∗η 0.31 0.023 0.20 <0.1 0.257 0.14
Bρ 5.94[2] — 1.8[2] —
B∗ρ 7.19[2] — 1.3 —
Bω 1.13[2] — 3.7[3] —
Bs K 1.12 0.08 5.4[2] 0.3 0.366 0.16
B∗s K 0.64 0.015 4.5[2] <0.1 0.197 0.03
total 63.3 22.9 14 70 31 42.69 50–120 (60)
given. In Ref. [26], the effective theory is used. There the
experimental value is used to deduce the effective coupling
which is applied to calculate the partial decay widths, the first
two of which are about 3 times as large as ours. Reference [27]
gets the total decay width of 60 MeV, which is twice larger
than ours. When M is taken to be 6105 MeV, our results
increase by about two times, which is about 2 and 4 times
of those in Ref. [32] and Ref. [25]. In our calculation, the
B∗2 π and B ′1π channels also give sizable contributions, which
may be detected in the future to clarify the properties of this
particle. For the mass of B∗2 , we take the value in PDG [55],
which is 50 MeV smaller than that taken in Ref. [25] and
Ref. [32]. Both references use the 3 P0 method and SHO wave
functions. In Fig. 3a, we plot the total and main partial decay
widths of B∗3 , where MB∗3 is taken to be 5950–6150 MeV.
The total width changes from 18 to 89 MeV, which implies it
depends strongly on the mass. One also notices that with the
increase of mass, the decay width increases more and more
quickly. When the mass of B∗3 changes, the wave function
actually changes not very much, and most of the changes
come from the value of the overlap integral of wave functions,
which is sensitive to the phase space. As the initial and final
heavy mesons are, respectively, D wave and S wave for the
two main decay channels, this makes the last point more
important.
The result for B∗s3 is given in Table 5. BK and B∗K give
the main contribution. For the total decay width, we get 40.8
MeV, which is larger than those in Refs. [25] and [32] but
smaller than that in Ref. [39], where 3 P0 model is applied.
Reference [27] uses the chiral quark model. One can see a
result about twice of ours is obtained when M takes the same
value. Figure 3b shows when M changes from 6050 to 6200
123
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Table 5 Two-body strong
decay widths (MeV) of the B∗s3
state with the mass 6.18 GeV.
The second subrow of the first
row is the mass (MeV) of the
B∗s3 meson used in different
models. The value a[b]
represents a × 10−b. The 3 P0
model is used in
Refs. [25,32,39], and the chiral
quark model is used in Ref. [27]
Mode Ours Ref. [25] Ref. [32] Ref. [39] Ref. [27]
6178 6178 6179 6096 6050–6150 (6070)
BK 21.1 5.2 14 23.69
B∗K 18.6 5.7 11.4 21.78
BK ∗ 7.82[5] 3.0[5]
Bsη 0.65 5.3[2] 0.522 0.57
B∗s η 0.41 4.5[2] 0.305 0.30
total 40.8 11 26.4 46.33 25–75 (30)
Table 6 The ratios of decay









Ours 0.47 0.66 1.0 (0.88) 0.88
Ref. [35] 0.75
Ref. [34] 0.43 0.56
Ref. [37] 0.62
Ref. [33] 0.75 0.97
Ref. [32] 0.99 0.81
Ref. [27] 0.5 0.65 0.9 0.71
Ref. [25] 1.27 1.10
MeV, the total decay width increases from 11 to 49 MeV. As
LHCb is running, we expect this state will be detected in the
near future.
An experimentally measured quantity is the ratio of the
partial widths of two dominant decay channels. In Table
6, we present both theoretical and experimental results for
this quantity of four heavy–light mesons. For [D∗s3 →
D∗K ]/[D∗s3 → DK ], the theoretical models listed in
Table 6 get results 0.43–0.75. In Ref. [57], the BaBar Col-
laboration gave
[D∗s J (2860) → D∗K ]
[D∗s J (2860) → DK ]
= 1.10 ± 0.15 ± 0.19, (22)
where the spin of this particle was not determined, while it
was believed that J = 1 or J = 3, or a mixing of the former
two states. This experiment result is apparently larger than
the theoretical estimation of this ratio for D∗s3(2860), which
implies D∗s J (2860) is unlikely to be D∗s3(2860). This can
be understood as follows. On the one hand, there are more
than one particle around this mass region, such as 1D(3−),
2S(1−), 1D(1−), 1D(2−), and 1D′(2−). As Ref. [29] pro-
posed, if the mass of 1D(3−) and 1D′(2−) are close enough
not to be distinguished experimentally, then BaBar’s results
can be explained. One the other hand, the latest data pub-
lished by the LHCb Collaboration [19,20] indicate that there
are two states D∗s1(2860) and D∗s3(2860) around this mass
region. So a more precise measurement of this ratio is needed.
We expect this can be achieved in the future by LHCb or
the B factories. The ratio [D∗3 → D∗π ]/[D∗3 → Dπ ]
is close to that of the D∗s3 case as a result of the SU (3)F
symmetry. Our result is close to those of Refs. [27,34]. For
[B∗3 → B∗π ]/[B∗3 → Bπ ], we present two results,
which correspond MB∗s3 = 6105 MeV and 5978 MeV (in the
parentheses), respectively. One can see our result is close
to those of Refs. [27,32]. When MB∗3 takes values 5950–
6150 MeV, this ratio changes from 0.85 to 1.03. The ratio
[B∗s3 → B∗π ]/[B∗s3 → Bπ ] is close to that of the B∗3
case, which changes from 0.68 to 0.90 when MB∗s3 takes
6050–6200 MeV.
4 Summary
We have studied OZI-allowed two-body strong decays of
3− heavy–light mesons. The instantaneous Bethe–Salpeter
method is applied to get the wave functions of the heavy
mesons. For D∗s3 and D∗3 , the total decay widths are within the
experimental error. For B∗3 state, we present total and several
main decay widths within the mass region 5950–6150 MeV.
When MB∗3 = 5978 MeV, our result is much smaller than
the central value of the decay width of the new discovered
B(5970), while it is still within the experimental errors. So
a more precise detection is needed. For the B∗s3 state, there
is no candidate in the experiments, and our calculations can
provide some help for the future study of this particle. Our
results also show that the decay widths of B∗3 and B∗s3 depend
strongly on the particle mass.
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